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ABSTRACT

The interaction of two incompressible, turbulent,
bounded jets was investigated experimentally by using hot
wire technique. Detailed measurements of velocity in the
interaction zone and farther downstream were made for dif-
ferent values of setback, width of the control jet nozzle
and control jet total pressure. Turbulence intensity pro-
files across the jet for various distances downstream from
the stronger (power) jet nozzle exit are also reported.
Angles of deflection of the power jet were determined experi-
mentally. The aspect ratio at the power jet nozzle exit was
2, and the Reynolds numbers, based on the average power jet
velocity and power nozzle width, in the tests were 12,800
and 20,000. It was found that the control jet separates from
the setback wall before it reaches the power jet. Two ana-
lytical models, an ideal fluid model and a real fluid model,
were used in predicting the angle of deflection. The ideal
fluid model is only fairly successful in prediction of the
angle of deflectior of the power jet. The real fluid model,
which utilizes some empirical information, allows accurate
prediction of the angie of deflection of the power jet as a
function of nozzle geometry and flow conditions. It also
allows calculation of the velocity distribution of the com-

bined jet at a location where the potential core disappears.



1. INTRODUCTION

A phenomenon basic to many classes of fluid amplifiers
is the interaction of a weak control jet with a power jet.
The information on the angle of deflection of the power jet
as well as the velocity distribution of the combined jet s
necessary in evaluating the gain of such amplifiers. 1In
view of the previous work that has been done in this area,
one finds that there is still a lack of understanding of
the process of interaction and that the analyses reported
by various investigators for prediction of the angle of
deflection of the power jet are not very satisfactory. (A

review of previous work is described in the next section.)

The specific aim of the present investigation was to
study the interaction of two incompressible, turbulent,
bounded jets. The aspect ratio of the power jet nozzle at
the exit was 2. The test Reynolds numbers based on the
average velocity of the power jet at the nozzle exit and on
the width of the power jet nozzle were 20,000 and 12,800.
The control jet supply pressure ranged from zero to forty
percent of the power jet supply pressure. Air was used as

the working fluid.

Two analytical models were employed to predict the
angle of deflection of the power jet. A comparison with

the experimentally determined values was made. Detailed



velocity measurements near the nozzle exits and far down-

stream are reported.

2. REVIEW OF PREVIOUS WORK

In 1962, Dexter [1]* employed a simple momentum balance
of the control and power jets to determine analytically the
angle of deflection of the combined jet. The effect of the
pressure distributions in the interaction regionWﬁéglected.
Also in 1962, Reilly and Moynihan [2] in their first publi-
cation on the subject used a similar momentum balance to
determine the angle of deflection. Later, in 1964, in an
investigation of the deflection of the power jet by two
unbalanced control jets, Moynihan and Reilly [3] extended
the control volume into the nozzles thus taking into account
the effects of the wall pressure and of the static pressure
near the nozzle exits. The aspect ratio of their power
nozzle at exit was 6, and the Reynolds number of the power
jet was 16,000, Experimental results of Moynihan and Reilly
showed that the static pressure varied across the flow at
the nozzle exits. However, the static pressure was uniform
approximately one nozzle width upstream of the nozzle exits.
The experimental results obtained by them showed that the

knowledge of the pressure acting on the walls as well as

*Numbers in brackets denote references listed on page 156

3



the static pressure in the interaction region were {mportant
in determining the angle of deflection. They reported that
there was a pinching action of the control jets on the power
jJet. The effective pivot point of the combined jet was
found to be approximately at the intersection of the center-

lines of the power and control jet nozzles.

Chiu and Man [4], 1n 1967, also studied the interaction
of three jets. Empirical formulae for the centerline veloc-
ity decay and static pressure distributions in the inter-
action region were reported. Power jet deflection angles
were calculated by considering the momentum and static pres-
sure forces. They used empirical formulae for the static
pressure distributions in the interaction region which are
valid for their test rig geometries. This approach was
similar to that of Moynihan and Reilly [3]. The aspect
ratio of the power jet nozzle used by Chiu and Man was 2.5,
and the power jet Reynolds number range was 5,000 < Rew <

20,000. ‘

Also in 1967, Douglas and Neve [5] used flow visualiza-
tion on a water table to study the interaction of a power
jet with control jets. They observed that a triangular
stagnant region existed between the control jet, the power
jet and the setback wall. The fluid in the triangular
region was observed to be circulating. The control jet was

observed to turn along the edge of the triangular region

4



and thus retained its own identity as it approached the
power jet. They explained that the power jet acted like a
brick wall and caused an adverse pressure gradient along
the setback wall and thereby'caused the boundary layer
associated with the control jet to separate from the wall.
An enlarged scale pneumatic model was also used in their
experimental study. The flow visualization study in the
pneumatic model showed that the control jet retained its
individuality until a distance of approximately 2.5 times
the width of the power jet nozzle, after which it appeared
to break up. The test results also showed that when two
equal control jets were operating, they appeared to cause
pinching of the power jet. The velocity profiles obtained
by Douglas and Neve showed an increase in the maximum jet
velocity to a distance of 2.5 times the width of the power
jet nozzle and a subsequent decrease. They interpreted
this as the pinching effect on the power jet by the control
jets. This effect became more and more severe as the con-
trol jets strengths were increased. The acceleration of
the power jet, when there was only one control jet, was far
less than that when both control jets were present. Douglas
and Neve were the first investigators to report the exist-
ente of the separated flow in the interaction region. The
present investigation, in which this flow separation region
was {ndependently rediscovered, indicates that this flow

separation must be included in a successful model of

5



interaction of perpendicular jets.

Zalmanzon, Ivanov and Limonova [6], in 1968, employed
the complex variable theory for an ideal fluid to predict
the angle of deflection of the power jet by one control jet.
Their mode! was not able to calculate the deflection angle
as a continuous function of the control and power jet

velocities.

Viadimirov [7], in 1969, reported the results of a
theoretical study of interaction of two gas jets emerging
from channels having parallel walls, whose axes form an
arbitrary angle. The problem was solved by the method of
Chaplygin. The flow was assumed to be planar, subsonic,
steady and potential. Both jets were assumed to have the
same total pressure. This assumption makes their results

inapplicable to fluid amplifier design.

Gungor [8], also in 1969, performed theoretical and
experimental investigation of two plane, incompressible,
turbulent, air jets impinging at right angle. The angle of
deflection was calculated theoretically through the applica-
tion of the free-streamline theory. Channels of parallel
walls were used for both the power and the control jets in
the experimental 1nvestigat19n. Channel widths were kept
identical. The aspect ratio for the power jet nozzle used

by Gungor was 8, and the power jet Reynolds number was



11,300. The main objectives of Gungor's study were to make
an analysis of the plane irrotational and incompressible
two-jet interaction and to determine experimentally the jet
deflection angle and the combined jet velocity distribu-
tions. The comparison of the analytical and experimental
jet deflection angle shows a reasonably good agreement even
for large deflection angles (up to approximately 35 degrees).
The main limitation of the analysis of Gungor lies in the
fact that it is valid only for the case when both the power
Jet and the control jet have the same total pressures. This

case is of 1ittle interest in fluidic applications.

Weeks [9], also in 1969, made an experimental investi-
gation of the interaction of two perpendicular incompres-
sible jets. The test section used by Weeks was similar to
that used by Gungor except that the aspect ratio was 4.

The power jet Reynolds number in his tests was 11,140. In
Weeks' test, the flow rates of the power jet were maintained
constant and the flow rates of the control jet were varied.
Weeks observed that very near the nozzle exit, the two jets
essentially retained their separate identities. Two veloc-
fty peaks were observed. At a certain distance from the
power jet nozzle exit the two jets merged, and a single
symmetrical jet existed at a distance about 6 times the
width of the power jet nozzle. Two mixing regions caused

by the free shear layers at the outer edges of the combined



Jjet were observed. A third mixing region existed between
the power and the control jets. The effective pivot point
was found to be approximately at the intersection of the
centerlines of the power and control jet nozzles. On the
plot of maximum velocity of the combined jet versus dis-
tance, Weeks observed maxima occurring for all but the
smallest control flows. This was explained as the effect

of pinching of the power jet by the control jet. Weeks
called this the vena contracta effect. One of the primary
purposes of the investigation made by Weeks was to determine
if any similarity existed in the jet interaction for similar
geometries. To determine this, he compared his centerline
flow velocity variation with distance, for the power jet
nozzle width of 1/4 of an inch, with those of Gungor which
were determined for the power jet nozzle width of 1/8 of an
inch. Weeks concluded that the same general functional
relationship exists between the centerline velocity and
distance in both cases. The dimensionless centerline veloc-
ity was found to be a2 function of the dimensionless distance
from the nozzle exits and of the control-to-power jet veloc-
ity ratio for similar geometries and comparable Reynolds

numbers.

In 1970, Hiriart [10] investigated theoretically and
experimentally the interaction of power jet with two control

jets. In his test rig, the aspect ratio of the exit of the



power jet nozzle was 8. The setback and the widths of the
control nozzles were equal to the width of the power jet
nozzle., The angle of deflection,the flow velocity,and tur-
bulence intensity distributions were measured. The turbu-
lence intensity distribution exhibited four peaks near the
nozzle exits, two in the outer edges of the combined jet
where the jet mixed with surrounding fluid, and two in the
regions where the control jets mixed with the power jet.

As the distance 1increased from the pivot point, the turbu-
lence intensity exhibited a single minimum. Hiriart found
that the angle of deflection varied linearly with the nor-
malized differential control port pressures. In his analyt-
ical work, he applied the free-streamline theory to derive
equations for predicting the angle of deflection. The
results so obtained were found to be in good agreement with
those obtained experimentally. The analytical results of
Hiriart suffer from the same limitation as those of Vladi-
mirov [7] and Gungor [8] in that the total pressures of the
control port jets were the same as the total pressure of

the power jet.

In 1970, Sarpkaya, Weeks and Hiriart [11] reported the
results of theoretical and experimental investigation on
the interaction of a power jet with a single and with two
control jets. This report essentially combines the results

of the studies of Gungor [8], Weeks [9] and Hiriart [10]



made under the guidance of Dr. Sarpkaya.

Also in 1970, Bourque [12] studying the interaction
of two jets, proposed a control volume approach using only
one momentum equation to calculate the angle of deflection
of the power jet. The control volume suggested by him is
similar to that of Moynihan and Reilly [3]. This model
needs information from experimentally determined pressure
distributions inside the nozzles. Unfortunately, such a
model cannot be generalized to obtain the angle of deflec-
tion as a function of setback, and control nozzle width.
Some experimental results were also obtained by Bourque.
The aspect ratio of the exit of the power jet nozzle used
by him was 12 and the width of the control jet nozzle was
the same as the width of the power jet nozzle. It was found
that the angle of deflection was independent of setback.
The distance at which symmetry of the combined jet was ob-
served was found to be a function of the ratio of control to
power nozzle total pressure. It increased from zero for no
control flow to a maximum of about 16 nozzle widths at pre-
ssure ratio of 0.4 and subsequently decreased as the press-
ure ratio increased further. This finding is different from
that of Weeks [9] who observed at all pressure ratios the
symmetry of the combined jets at a distance of 6 nozzle
widths from the nozzle exit. The difference is probably due to

the effect of the power jet nozzle exit aspect ratio. (The

10



power jet nozzle exit aspect ratio in Weeks' study was 8.)

In 1971, Turken [13] reported the results of an experi-
mental investigation on the interaction of three jets. The
aspect ratio of the power jet nozzle exit was 2. The width
of the control jet nozzle was 2.5 times the width of the
power jet nozzle. The setback was equal to the width of the
power jet nozzle. Turken obserVed that, in the range of the
power jet Reynolds number (based on nozzle width) of 7,887
to 31,550, the effect of the power jet Reynolds number on
the angle of deflection of the power jet was very small.
The pressure along the setback walls was observed to be
nearly constant. The turbulent fluctuation component /fi;z
was found to be always highest and the component /”5;7
was always lowest. Using the experimentally determined
pressure distributions and the control volume analysis of
Moynihan and Reilly [3], Turken calculated the angle of
deflection and claimed good agreement with experiment.

In 1972, Sarpkaya [14] reported a momentum analysis of
three-jet interaction by employing two control volumes. éy
assuming certain velocity distributions and by a free-
streameline analysis for the contraction of the control jets,
he obtained an iterative scheme allowing determination of
the angle of deflection in terms of amplifier geometry and

the supply pressures of the control and power jets. However,

his calculated angle of deflection was compared with only
one set of experimental data corresponding to one inter-

action region geometry. 1



In summary, the experimental work just described shows
lack of systematic investigation of the effect of amplifier
geometry on the angle of deflection. Also, no detailed
information about the velocity distribution very near the
nozzle exits was reported. As far as analytical work aimed
at prediction of the angle of deflection of the power jet
is concerned, two approaches exist in the literature: one
uses the theory of complex variables for an ideal fluid,
and the other utilizes the control volume approach. The
complex variable theory for ideal fluid requires that the
point where the wall of the power jet nozzle meets the wall
of the control jet nozzle be a stagnation point. This in
turn requires that the total pressures of the power and
control jets be the same (since the static pressure is
assumed to be continuous in the flow field). This case is
of 1ittle interest in fluidic applications. The control
volume analysis is more useful than the analysis using the
theory of complex variables since it does not require this
limitation. However, it cannot predict all the pressure
forces that are required in calculating the angle of deflec-
tion of the power jet, and empirical information is neces-
sary. The reported models of the jet interaction zone are

inadequate because they do not recognize the existence
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of the separation zone along the setback wall between the

control and power jets.

The objective of the present investigation was to make
a systematic study of the effect of the control nozzle width
and of the setback on the flow field in the interaction
region of two perpendicular bounded jets tested in a rig
having aspect ratio of two at the power nozzle exit. In
addition, it was planned to develop an analytical method,
based on the information obtained from the experimental part
of this study, which would be capable of predicting the
deflection angle of the power jet and the combined jet
velocity distribution at the location where the potential
core disappears as a function of the control nozzle width
and setback for power jet nozzle exit aspect ratio of two.
This method was to be based on the control volume approach
and was to utilize some empirical information related to

the control port width and to the setback.

3. DESCRIPTION OF EXPERIMENTAL APPARATUS

3.1 Test Rig

Figure 1 shows a sketch of the experimental apparatus.
Dry and clean air was pumped into a storage tank where the

pressure was kept at 62 psig. Flexible plastic tubes were
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used in connecting the test section to the storage tank.

Flow rates were controlled by pressure regulators.

Two Fox Valve Co. venturi meters were used in deter-
mining the flow rates. One venturi meter was used for
measuring the flow rate of the power jet. It had a throat
diameter of 0.2260 of an inch and was expanding to a tube
of 2 inches in diameter. The other venturi meter was used
to measure the flow rate of the control jet. It had a
throat difameter of 0.150 of an inch and was expanding to a
tube one inch in diameter. The venturi meters were cali-
brated using an ASME long radius type nozzle shown in
Figure 2a. The calibration procedure is described in
reference [15]. As is common in fluidic applications, the
power jet flow is described by a Reynolds number based on
the average velocity calculated from flow rate and on the
width of the power jet nozzle. Figure 3 shows a plot of
the Reynolds number defined above versus the pressure drop

through the venturi meters.

The stagnation tank for the power jet was 4 feet long
and had a diameter of 13 inches. Two screens and one
honeycomb were placed inside the tank as shown in Figure 4
in order to reduce the turbulence and to distribute the
flow uniformly before it arrived at the test section. The
stagnation tank of the control jet was one foot long and

six inches in diameter. It also had a honeycomb inside.
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3.2 Test Section

Figure 5 shows a sketch of the test section. The orig-
{nal design included two control jets and the receivers.
However, the present investigation was limited to the inter-
action of a power jet with one control jet without the
presence of the receivers. The power and control jet noz-
zles were bounded by two side plates. All parts of the
test section were made of plexiglass. The thickness of the
sandwiched pieces was 0.8 inch. The width of the power jet
nozzle exit was 0.4 inch. Thus the aspect ratio of the
power jet nozzle exit in the present investigation was 2.
The detailed dimensions of the power jet nozzle and of the

control jet nozzle are shown in Figures 6 and 7 respectively.

The test section was so designed that by removing a
piece of the plexiglass between the power and the control
nozzles, the control nozzle could be made to be inclined at
an angle of 60 degrees with respect to the power nozzle
axis. The control nozzle setback could be varied by using
different plexiglass pieces that formed the control nozzle.

The width of the control jet nozzle could also be varied.

Three pressure taps were drilled near the exit of the
control jet as shown in Figure 8. One pressure tap was
also made in the power jet nozzle and one in the control
jet nozzle in order to measure the supply pressures of the

two jets.
15
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3.3 Traversing Mechanism

Figure 2b shows a photograph of the traversing mecha-
nism. This mechanism was designed for traversing hot wire
or total pressure probes in three mutually perpendicular
directions. The definitions of coordinates x, y, and z are
given in Figure 9. Two micrometers were used to traverse
the propes tn the y and z directions respectively. The dis-
tances traveled by the micrometers were recorded by an X-Y
recorder through a linear position potentiometer. The trav-
ersing mechanism could siide horizontally in the x direction
on two 12-inch long arms. The two arms could also be made
to slide on two circular slots and thus could make the probe
aligned at right angle to the direction of the deflected
jet. The traversing mechanism was placed on top of the test

section.

3.4 Experimental Equipment

DISA 55001 hot wire anemometer and 55010 l1inearizer
were used in measuring the velocity profiles. DISA 55D35
RMS unit was used in measuring the turbulent fluctuations.
The detailed operation and calibration procedure can be
found in the instruction and service manual supplied by
DISA. Two types of miniature probes, shown in Figure 10,
were supplied by DISA. One was the 55F31 straight general-
purpose type and the other was the 55F35 right angle type.

16



The wire length was 1.25 mm and the wire diameter was 5 um

for both types.

Figure 11 shows a sketch of the total pressure probe
used in preliminary testing. Model CD12 pressure transducer
indicator and model DP15 pressure transducer supplied by
Validyne Engineering Corp. were used in measuring the total

pressure distributions.

Figure 12 shows a photograph of the test section,
traversing mechanism and of the equipment used in the pres-

ent investigation.

3.5 Experimental Procedures

Before running each test, the barometric pressure and
the atmospheric temperature were recorded. (The temperature
of the laboratory was always between 70 and 75 degrees Fahr-
enheit.) Also, the cold resistance of the hot wire probe

was checked.

The velocity distributions measured by the hot wire
equipment were recorded on an X-Y recorder in the following
manner. The output from the hot wire anemometer after going
through a l1inearizer was received by one of the inputs of
the X-Y recorder. The other input of the X-Y recorder re-
ceived signal from the 1inear position potentiometer. Thus,

the output from the X-Y recorder gave a plot of the velocity
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versus the distance traveled by the probe.

The total pressure distributions were determined in a
similar way. The output from the transducer indicator
rather than that of the 1inearizer went to the X-Y recorder.
The X-Y recorder then gave a plot of the total pressure

versus the distance traveled by the probe.

For each test, the pressure drop through the venturi
meters was recorded. The upstream pressure in the power and
the control jet nozzles as well as the pressure distribu-
tions along the setback wall of the control jet were meas-
ured by inclined manometers of different ranges. The finest

increment on these manometers was 0.01 inch of water.

4. EXPERIMENTAL RESULTS
4.1 Preliminary Test on Power Jet Alone

The coordinate system used in the present investigation
is shown in Figure 9. The midplane was defined as the plane
midway between the two bounding plates, that is, the plane
corresponding to z=0. The centerplane was defined as the
plane midway between the two plexiglass pieces that formed
the power jet nozzle, that is, the plane corresponding to
y= 0.5w. Figures 13 to 18 show the total pressure varia-

tions with distance between the two bounding side plates.
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Figure 19 shows the velocity profile obtained by using the
hot wire. The results show that there is a big dip near the
corner and a smaller dip near the midplane for all the pro-
files. This nonuniformity of total pressure and velocity
was observed previously in an investigation of rectangular
nozzles described in references [16], [17] and [18]. In
order to reduce this nonuniformity, a flow straightener was
inserted in the power jet nozzle as shown in Figure 5.
Figure 20 shows the velocity distribution with flow
straightener in the power jet nozzle. As expected in view
of the previous studies on the planar nozzles, the dip near
the midplane was eliminated by the flow straightener but the
corner dip still existed. This is so because the corner dip
is caused by the contraction of nozzle after the flow
straightener while the dip near the midplane is caused by
the transition from a circular to a rectangular duct at the
nozzle inlet. A detailed explanation of this effect is
described in references [16] to [18]. In the present inves-
tigation of the two-jet interaction process, flow straight-
eners were placed inside both the power and the control jet

nozzles.

Velocity distributions across the power jet at midplane
for different distances downstream from the nozzle exit are
shown in Figure 21. A plot of the maximum jet velocity

versus distance downstream from the nozzle exit is shown in
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Figure 22. The location where the potential core disappears
is at a distance of approximately 4.5w downstream from the
nozzle exit. This 1s in agreement with the results obtained
by Trapani [19] in an investigation of bounded jets of low

aspéct ratios.

The experimental results which follow are for the two
Jet interaction. The velocity profiles were measured at
midplane. Only absolute velocities were measured and no
effort was made to determine the components of the flow
velocities. The definitian of the coordinate system used

in the present investigation was shown in Figure 9.

4.2 Angles of Deflection and the Pivot Points

The angles of deflection of the power jet, a, were
determined from velocity profiles by connecting the points
of maximum velocity at different locations downstream from
the nozzle exit. Figures 23 to 26 show some typical exam-
ples of how angle a was determined. The pivot point was
defined as the point of intersection of the centerline of
the power jet nozzle with the 1ine connecting the locations
of the maximum jet velocities. It was found that for
wc/w =], the pivot points were at the intersection of the
centerline of the power jet nozzle with that of the control
jet nozzle. This is in agreement with the findings of
Moynihan and Reilly [3] and Weeks [9]. However, this is not
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so for wc/w = 1/2. For example, it was found that for the
case of s/w = 1/2 and w./w=1/2, xp/w =W /w = 1/2
gives the best fit of experimental points. For the case of
s/w=1 and wc/w = 1/2, the values of xp/w were found to
be scattered between 1.5 and 3. Table 1 summarizes the
experimental values of the dimensionless pivot point coordi-

nate xp/w.

Table 1. Experimental values of the
dimensionless pivot point coordinate xp/w

w
C/w
1 0.5 0.5
1
i 1.5-3.0 0.5

Figure 27 shows the experimentally determined values of
the angle of deflection of the power jet a for various
values of the setback, width of the control jet nozzle, and
dimensionless pressure m, = (Ptc'Pa)/(Pts'Pa) at power jet
Reynolds number Rew = 20,000. It shows that, in the range
tested, the angle of deflection a varies very slightly with
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the setback (which confirms the results of Bourque [12]) and
increases with the width of the control jet nozzle. The
angle of deflection also increases 1inearly with the dimen-
sionless pressure Ty Figure 28 shows that the angle of
deflection is independent of the power jet Reynolds numbers
in the range between 12,800 and 20,000. Figure 29 shows a
comparison of the angle of deflection a for the control jet
inclined at angle of 60 degrees with respect to the power
jet with that for the control jet inclined at angle of 90
degrees to the power jet. It shows that the control jet
deflects the power jet less when the angle between the two

jets is decreased.

4.3 Velocity Distributions and Turbulence Intensities

Figures 30 to 39 show the velocity distributions and
turbulence intensities across the deflected jets in the direc-
tion perpendicular to the direction of flow, that is, at
angle o to the power jet nozzle axis, at various distances
downstream from the pivot point. These traverses correspond
to the dimensionless control nozzle width w. /w =1, and the
dimensionless setback s/w=1 and to the power jet Reynolds
number Rew = 20,000. Similar velocity plots for wc/w = 1/2,
s/w =1, forw/ws= 1, s/w=1/2, and for w /w = 1/2,

s/w = 1/2 were also obtained but are not included in this

report. The velocity and the RMS values of the turbulent
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velocity fluctuations were normalized with respect to the
maximum velocity at r/w = 1. The definition of the coordi-
nates r and d are shown in Figure 9. At r/w = 1, the two
Jets are stil1l distinguishable on the velocity distribution
plots. The RMS profile shows three peaks which represent
three mixing regions, two of them on the outer edges of the
combined jet where the surrounding fluid is being entrained
and the third one between the two jets. Qualitatively,
turbulence intensity increases with increasing velocity gra-
dient. The two peaks on the control jet side in the RMS
profile begin to merge into one as the combined jet moves
farther downstream and become undistinguishable at r/w = 4,
Symmetry of the RMS profile is not reached until r/w = 9.
The magnitude of the RMS value does not exceed 15 percent
of the maximum velocity at r/w = 1. The values of the RMS
in the valleys between the peaks gradually approach this

1imiting value as r/w 1ncreasest

The traverses show that the power jet absorbs the con-
trol jet in a relatively short distance and that the veloc-
ity profiles become more and more symmetrical as the com-

bined jet moves away from the pivot point.

The above description corresponds to one particular
geometry (wc/w = 1, s/w=1) and to one value of dimension-
less pressure LPY The location where the two peaks in the
RMS profile near the control jet become one and the location
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where the velocity profile becomes symmetrical depend on the
values of the dimensionless parameters W./W, S/wW and m,.
Figures 40 to 49 show the results for a different value of
the dimensionless pressure P and a different power jet
Reynolds number, Rew = 12,800. These resuits are qualita-
tively similar to those shown in Figures 30 to 39 which

correspond to Rew = 20,000.

4.4 Velocity Distributions Near Nozzle Exits

Figures 50 to 53 show the velocity distributions close
to the exit of the power jet nozzle. These profiles were
obtained by traversing across the power jet nozzle and into
the control jet nozzle. The power jet is located approxi-
mately between 0 < y/w < 1. The velocity across the power
jet nozzle 1s not uniform, being lower on the control jet
side. This means that the static pressure across the power
jet is not uniform since the total pressure upstream in the
nozzle 1s uniform. Since the power jet deflects only
through a small angle (in the present investigation, the
maximum angle of deflection obtained was about 16 degrees),
the pressure at the nozzle exit on the side where the power
jet is free to entrain the surrounding fluid should be
nearly equal to the atmospheric pressure. Therefore the
pressure must be higher than atmospheric pressure on the

control jet side at the exit of the power jet nozzle. This
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pressure difference increases with increasing dimensionless
control supply pressure LPY That this is so can be seen by

comparing Figure 50 with Figure 54,

In Figure 50, the velocity drops suddenly from a level
of the power jet velocity to nearly zero as the probe passes
through the edge of the power jet nozzle and begins to enter
into the region in the vicinity of the setback wall of the
control jet nozzle. The zone of low velocity continues for
some distance. Then the flow velocity starts to increase
sharply until a constant velocity is reached. The length of
the low velocity zone decreases as the value of the coordi-
nate x/w increases. The above description indicates that

the control jet separates from the setback wall as shown in

Figure 9. A plot of constant velocity 1ines in the jet
interaction region is shown in Figure 55. It shows that the
control jet begins to turn before it comes into contact with
the power jet. The power jet and the control jet do not
meet each other until the power jet has traveled a certain
distance from the exit of the power jet nozzle. Before this
distance, the deflection of the power jet is due entirely to
the pressure difference existing across the power jet.

After the two jets meet, the pressure difference across the
power jet as well as the momentum of the rapidly turning

control jet contribute to the deflection of the power jet.

Figures 50 to 53 also show that the flow 1s more
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turbulent in the separated flow zone than in efther the

power jet or in the control jet.

Another important observation which follows from this
study is that the yelocity distribution across the control
jet nozzle 1s very nonuniform. Figure 55 shows that the
velocity is low near the inner wall (setback wall) and it
increases towards the outer wall of the control jet nozzle.
This implies that there is a pressure difference across the

control jet at the nozzle exit.

4.5 Location of Separation Point and Pressure Distribution
in the Separated Flow Zone

The distance h that specifies the location of the
separation point of the control jet from the setback wall
(see Figure 9) depends on the width of the control jet
nozzle Wes the setback s ,and the supply pressure of the
control jet. The values of h could not be determined very
accurately in the present investigation because the hot wire
probe could not be brought to the immediate vicinity of the
wall. The closest distance from the wall at which the hot
wire could be located was 0.05 of an inch. The distance h
was estimated from the plots of constant velocity lines such

as the one shown in Figure 55.

The experimental results show that the distance h
depends on the width of the control jet nozzle We and the
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setback s. They also show that the distance h has a tend-
ency to decrease only very slightly with increase of the
supply pressure of the control jet w.. Within the accuracy
of the present test, the values of the separation distance
h w?re obtained as a function of W, and s only, and the
s1ight dependence on m, was ignored. Table 2 gives the
estimated values of the separation distance h made dimen-
sionless by division by the power nozzle width w for vari-
ous values of the dimensionless width of the control jet

nozzle wc/w and setback s/w.

Table 2. Experimentally-determined values
of the dimensionless separation distance h/w

1 1/2
1 0.3 0.6
1/2 -0.1 0

The results are also plotted in Figure 56.

The pressure variation along the setback wall in the

separated flow zone is shown in Figures 57 to 60. For
27



wc/w = 1, the pressure remains nearly constant along the
setback wall for all values of the dimensionless pressure
Ty For wc/w = 1/2, the pressure also remains essentially
constant along the setback wall except for large values of
T, at which it varies slightly because the lower pressure
tap or taps measure then the control jet pressure and not
the pressure in the separation region. The finding that the
pressure is uniform along the setback wall of the control
jet nozzle is not surprising in view of the fact that a
separated flow zone exists along that wall. Similar results
(constant pressure along the setback wall) were reported by
Moynihan and Reilly [3] and Turkan [13]. However, they were

not aware of the existence of the separated flow zone there.

4.6 Effect of the Control Flow on the Power Jet Nozzle Flow

Figures 61 to 64 show the plots of the maximum jet
velocity versus the distance from the pivot point. The
maximum velocities are normalized with respect to the veloc-
ity Uo at the exit of the power jet nozzle when the control
jet is absent. They show that the maximum velocity in-
creases with the dimensionless pressure Ty The pressure
in the power jet nozzle also increases with m, as shown in
Figure 65 while the flow rate of the power jet remains un-
changed as indicated by the reading of the venturi meter.

To explain this phenomenon, let us go back to Figure 54
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which shows the velocity distribution across the power jet
nozzle. The velocity on the free side of the power jet is
higher than U° and the velocity on the control jet side 1is
lower than U . The loss of the mass flow in the lTower
velocity zone is compensated by the extra mass flow in the
higher velocity zone and thus the flow rate of the power jet
is constant, that is, it is the same as the flow rate of the
power jet without the presence of the control jet. As ex-
plained before, since the pressure on the free side of the
power jet is nearly atmospheric, the higher power jet veloc-
ity must result from an increase in the total pressure up-
stream in the nozzle. That is, the total pressure of the
power jet with the presence of the control jet is higher
than that of the power jet alone for a constant flow rate

of the power jet. Figures 66 to 69 show comparisons between
the measured increase in the total pressure in the power jet
nozzle and the increase in the maximum velocity near the
exit of the power jet. The dimensionless pressure ™
matches the maximum jet velocity very well and thus indi-
cates the correspondence between the increase in the maximum

combined jet velocity u shown in Figures 61 to 64 and

max
that of the total pressure in the power jet nozzle.

The reason why the flow rate of the power jet remains
constart while the downstream condition at the exit of the

power jet nozzle is changed by the control jet flow is as
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follows. The flow rate of the power jet 1s measured by a
venturi meter which has a form of a convergent-divergent
nozzle., Figure 70 shows the performance curves of a
convergent-divergent nozzle for a one-dimensional steady
flow. The area ratio A/A* of the venturi meter for the
power jet is close to 80. With this area ratio, it follows
from the tables of reference [20] that

(pE=) = 0.9999 and  (5=) = 0.0003503

for a gas having specific heat ratio y = 1.4, In view of
the above values and Figure 70, one can see that the venturi
meter is operating between point 3 and point 8 because
(P/PtR)3 is very close to unity and (P/PtR)a 1s very close
to zero. One can also calculate (P/PtR)5 corresponding to

a normal shock wave at nozzle exit which in the present case
is equal to 0.0177 and is also very small. One can conclude
that in the tests run in this investigation, the venturi was
operating between point 3 and point 5 in Figure 70. From
the mass flow diagram, one can see that the mass flow rate
is constant from point 3 on. Therefore, in the tests the
flow in the venturi meter was choked with a shock wave in
the divergent part of the venturi meter. The location of
the shock wave depends on the back pressure at nozzle exit
of the venturi meter which in turn depends on the conditions

downstream at the exit of the power jet nozzle. And so in
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the tests performed the flow rate of the power jet was con-
stant and was independent of the conditions at the exit of
the power jet nozzle as long as the conditions upstream of

the venturi meter were not changed.

4.7 Decay of the Maximum Combined Jet Velocity

From Figures 61 to 64, it 1s clear that the dimension-

less parameter u /U° depends on LY If Una 1s normalized

max X
by the maximum velocity Vo of the potential core of the com-
bined jet (which varies with "2)’ then the relationship

becomes independent of Ty 23S shown in Figures 71 to 74.

Figures 71 to 74 show the decay of the maximum combined
jet velocity at various distances from the pivot point.
From these figures one can conclude that the potential core
of the combined jet disappears at r/w = 4 for 0 < Ty < 0.4.
The same result was obtained in the test of the power jet
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